Hot cracking during laser welding of advanced high-strength steels is reported to be a serious problem by automotive manufacturers. In this work, hot cracking susceptibilities of transformation-induced plasticity (TRIP) and dual-phase (DP) steels are studied based on a multiscale modelling approach. Transient temperatures measured from welding experiments are used to validate a finite element (FE) model. The temperature, thermal gradient and cooling rate in the weld fusion zone are extracted from the FE model and pre-defined as boundary conditions to a phase field model. The welding-induced microstructural evolution is simulated considering thermodynamic and mobility data. Results show that, compared to the DP steel, the TRIP steel has a broader solidification range, a greater pressure drop at the inter-dendritic regions, and an increased phosphorus segregation at the grain boundaries; all these make this steel more susceptible for hot cracking.
Introduction
Advanced high-strength steels (AHSS) have been used increasingly in the automotive industry over the past 10 years. Compared with conventional steels, AHSS can reduce the weight of a car using high-strength thinner gauge steel sheet, and this, in turn, reduces the fuel consumption [1, 2] . Transformation-induced plasticity (TRIP) and dual-phase (DP) steels belong to the category of AHSS providing high-strength and formability/ductility [3] . Both TRIP and DP steels comprise multi-phase microstructures, which are produced by alloying and specific processing routes. However, increases in alloying content can render these steels susceptible to hot cracking [4] . Hot cracking during laser welding at the edges of steel flanges is frequently reported by the automotive manufactures [5] .
Hot cracking during weld solidification is a dynamic process covering multi-physics at different timescales and length scales [6] , which makes modelling of hot cracking phenomena very challenging. Finite element (FE) models are widely used to simulate welding processes including the physics of heat transfer and solid mechanics. Temperature and strain evolution in and near the weld fusion zone can be obtained. On a macroscale level, Prokhorov and Shirshov [7] , Clyne et al. [8] and Won et al. [9] proposed hot cracking criteria during solidification based on a critical strain and/or strain rate. On a microscale level, Rappaz et al.
[10] and Kou [11] derived hot cracking criteria during solidification including microstructural effects. A mass balance was evaluated over the liquid and solid phases, which accounts for the tensile deformation of the solid skeleton perpendicular to the growing dendrites and for induced inter-dendritic liquid feeding. A phase field model, coupling a thermodynamic and kinematic data, can be used to simulate the microstructural evolution in the weld fusion zone. However, multiscale models, which are able to bridge the length scales and can comprehensively explain the occurrence of hot cracking, are rarely reported. Wang et al. [12] presented a study on the mechanism of solidification crack formation on a macroscale and microscale. However, the microstructural analysis is still continuum based without considering the phase evolution and element diffusion.
In this study, TRIP and DP steels were laser-welded with the same heat input and under the same constraining conditions. A multi-scale modelling approach was used to couple the features of the marco-welding process with microstructural evolution. An FE model was constructed to simulate the thermal field during welding. The predicted transient temperature was compared and validated with measured data. The transient temperature profiles in the weld fusion zone were extracted and applied as boundary conditions to a phase field model. The phase evolution and elemental partitioning This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/ by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.
of the TRIP and DP steels during weld solidification were obtained. The pressure drop at the inter-dendritic regions during solidification is evaluated and discussed. Element concentration at the grain boundary was also examined. The multi-scale models applied in this study provide an enhanced understanding of hot cracking in TRIP and DP steels during weld solidification.
Materials and properties
Two types of AHSS, a TRIP and a DP steel, were examined. The chemical compositions of these two steels are given in Table 1 .
The temperature-dependent thermal properties, i.e. density, conductivity and specific heat capacity, were calculated using the JMatPro R software. Properties of TRIP and DP steels based on the chemical composition given in Table 1 are shown in Figure 1 . The DP steel has a consistently higher density than the TRIP steel. The heat conductivity of the DP steels is larger than that of the TRIP steel below 1000 K, and becomes similar above 1000 K. The specific heat capacity of these two steels is similar until the solidus temperature. The TRIP steel shows a slightly higher specific heat capacity due to the latent heat during the solid-liquid phase transformation.
Welding of TRIP and DP steels
Bead-on-plate welding experiments were performed using a 3 kW Nd:YAG laser with a power of 1100 W and welding speed of 10 mm s −1 . Rectangular TRIP and DP steel sheets, with a dimension of 90 × 45 mm 2 and a thickness of 1.25 mm, were used. The laser beam was in focus on the sample top surface with a spot diameter of 0.6 mm. One edge of the sheet was fixed by clamps. The distance of the laser beam from the free edge was set to 9 mm. Transient temperature was measured by spot-welded K-type thermocouples at three positions in the heat-affected zone on both sides of the weld. Detailed information for welding set-up can be found elsewhere [13] . For each of the steels, five experiments were repeated. After welding, optical microscopy analysis was carried out.
FE model
A 3D FE model was constructed [14, 15] using a commercial software COMSOL TM . The heat balance during welding was simulated including the heat input, heat transfer and heat loss. The heat input was applied as a volumetric conical heat source with a Gaussian distribution. The heat transfer in the sheet was governed by the temperature-dependent thermal properties. The latent heats due to phase transformations were included in the specific heat capacity. The heat loss was modelled by means of a surface film boundary condition. Room temperature T 0 was considered as a reference temperature. The governing equations for the FE model are given below
where ρ, C p , k, Q, q 0 and h are the density, specific heat capacity, thermal conductivity, input heat flux, output heat flux and heat transfer coefficient.
Phase field model
A phase field modelling approach was applied in this study to simulate the microstructural evolution during solidification. The software MICRESS R is based on the phase field concept for multi-phase systems [16] , which is coupled to the thermodynamic database TCFE6 to obtain the equilibrium phase boundaries, Figure 1 . Temperature-dependent thermal properties of (a) the TRIP and (b) the DP steel with chemical compositions defined in Table 1 . and to the mobility database MOB2 to obtain the diffusion coefficients [17] . The solidification microstructures were simulated while cooling the liquid phases of the TRIP and DP steels with the compositions mentioned in Table 1 . Simulations were carried out on a two-dimensional 400 × 200 grid with a grid spacing of 0.5 μm. The energy parameters for the phase interaction [18] used in this simulation are listed in Table 2 .
As this study focused on the evolution of the weld mushy zone (semi-solid region), only liquid and δ-ferrite were considered. The initial concentration of the components was set to be the equilibrium in the liquid phase. Six nuclei of δ-ferrite with a radius of 0.5 μm were equally placed at the bottom edge of the computational domain. During solidification, the system underwent a liquid-tosolid reaction based on the local thermodynamic and chemical conditions.
For the boundary conditions, transient temperature profiles at the fusion boundaries from the FE model were applied to the bottom edge of the domain. A thermal gradient was defined according to the temperature difference between the fusion and the weld centre line. No latent heat was assumed here as the FE model has already considered this aspect through incorporation in the specific heat capacity. The initial temperature at the bottom edge was given as the liquidus temperature. The boundary conditions for the phase and concentration were set to be symmetrical. The interface thickness was assumed to be 3 μm. The time evolution is calculated by a set of phase field equations deduced by the minimisation of the free energy functional
where φ is a phase field parameter, η is the interface thickness, M αβ is the mobility of the interface as a function of the interface orientation, described by the normal vector n. σ * αβ is the anisotropic surface stiffness, K αβ is related to the local curvature of the interface, G is the thermodynamic driving force as a function of temperature T and local chemical composition c.
Results
TRIP and DP steels were laser-welded with the same heat input and under the same constraining conditions. Samples were cut from the welded sheets and evaluated by optical microscopy. Figure 2(a,b) shows the top surfaces of these samples etched with 5% nital. The crack was observed along the weld centre line in all TRIP samples, whereas for the DP samples, no cracks were detected. As the laser beam provides a highly concentrated heat flux and locally applied at the weld centre, a high thermal gradient is expected in transverse direction, and directional solidification is observed for the TRIP and DP steels. A magnified microstructure on the top surface of the DP steel is shown in Figure 2 (c). The primary dendrite arm spacing is between 15 and 20 μm using a line intercept method. Figure 3(a) shows the temperature distribution predicted from the FE model when the heat source has progressed to the middle of the DP steel sheet. As the laser flux is locally applied travelling along the weld centre line, a double ellipsoid shape of the weld fusion zone is generated. Figure 3(b) shows the time-temperature profiles during welding of the DP steel, i.e. at 1.5 and 4 mm from the weld centre line on the free edge side, and at 2.5 mm from the weld centre line on the fixed edge side. The dotted lines show the experimental measurements, whereas the solid lines show the numerical predictions. Overall, a very good agreement has been achieved between the experiment and simulation in the heating and cooling stages at these three locations. The maximum temperature deviation is below 4%. Temperature validation for welding of TRIP steel has also been achieved within 3% maximum temperature deviation. Figure 4 (a) shows the simulated time-temperature profiles of the TRIP and DP steels at the weld centre line. The solid lines represent the TRIP steel, whereas the dotted lines represent the DP steel. As the same welding parameters and similar high temperature thermal properties of these two materials were applied, the time-temperature profiles almost coincide with each other. The phase field model was constructed to simulate transverse solidification perpendicular to the weld fusion boundary towards the weld centre line, as shown schematically in Figure 4(b) . The boundary conditions applied were extracted from the FE model, i.e. temperature, thermal gradient and cooling rate. The temperature at the bottom edge of the computational domain is pre-defined to be 1780 K with a thermal gradient of 140 K mm −1 to the top edge. The cooling rate at the bottom edge is set to be 800 K s −1 . The cooling time for the system is set to be 0.5 s, and the thermal gradient eventually reduces to 35 K mm −1 . Figure 5 shows the phase evolution of the DP steel during solidification up to 0.13 s. Red represents the liquid phase, blue represents the grain boundary and yellow represents the δ-ferrite phase. Six nuclei of δ-ferrite were pre-defined at the bottom edge of the domain to simulate the experimental welding conditions. After 0.05 s, primary dendritic arms are growing towards the top edge, and secondary dendritic arms are formed in the horizontal direction. At 0.1 s, the solid-liquid interface reaches two-thirds of the domain. The dendrites remain parallel with each other, while the interdendritic spacing has reduced. At 0.13 s, the dendritic tips reach the top edge, which represents the weld centre line. Figure 6 shows the simulated microstructure when the dendritic tips reach the weld centre line of the TRIP and the DP steel. After the integration of the solid phases over the domain, the TRIP steel reaches a solid fraction of 93.7%, while the DP steel reaches a solid fraction of 96.3%. A lower solid fraction present in the TRIP steel implies that the TRIP steel has a broader solidification range than the DP steel. The solid-liquid interface velocities are calculated to be 1.428 and 1.538 mm s −1 for the TRIP and DP steels, respectively. pockets due to coalescence of the secondary dendrite arms . Liquid will be enriched during solidification due to element partitioning. The liquid channel length of the TRIP and DP steels are 194 and 20 μm, respectively. It should be mentioned that the temperature difference between the root and the tip of the dendrite for the TRIP steel is 28 K, which is much greater than that of the DP steel (2 K). Figure 8 shows the distribution of phosphorus (P) when the dendritic tips reach the weld centre line. The TRIP steel shows a much higher concentration of phosphorus at the grain boundaries, up to 0.55 wt-%, while its original composition in the base material is 0.089 wt-%. Phosphorus concentration in the DP steel grain boundary peaks at 0.06 wt-%, which is much lower than that in the TRIP steel.
Discussion
Results show that the TRIP steel is cracking during laser welding, while no cracks are found in the DP steel with the same heat input and under the same constraining conditions. The reasons are discussed as follows.
Solidification range
In order to achieve required mechanical properties, the TRIP and DP steels contain alloying elements. Table 1 shows that carbon, manganese and silicon contents are similar for these two steels. However, the TRIP steel has a higher content of phosphorus (9 times) and aluminium (36 times) than the DP steel. Phosphorus is added to increase the amount of austenite retained at room temperature. Aluminium is insoluble in cementite and is added to retard its formation. This increased amount of phosphorus and aluminium in the TRIP steel leads to a broader solidification range than the DP steel. Figure 9 shows the liquid fraction as a function of temperature for these two steels.
Compared with the DP steel, the TRIP steel shows a slower solid-liquid interface velocity under identical welding conditions. Enrichment at the interface leads to solute drag and subsequently results in difference in interface velocities. According to Figure 9 , the liquid is undercooled to lower temperatures in the TRIP steel than in the DP steel. This undercooling leads to the increased partitioning of alloying elements, resulting in sluggish interface migration.
Pressure drop
The Rappaz Drezet Gremaud (RDG) criterion [19] for hot cracking in metallic alloys is based upon a mass balance performed over the liquid and solid phases, which accounts for the tensile deformation of the solid skeleton perpendicular to the growing dendrites and for the induced inter-dendritic liquid feeding.
Under the assumption that a steady state is reached in the weld mushy zone, the liquid pressure drop along a weld mushy zone consists of two contributions:
p sh due to the solidification shrinkage and p mec due Figure 9 . Liquid fraction as a function of temperature for the TRIP and the DP steel.
to deformation. The two contributions can be written as
where λ is the dendrite arm spacing, μ is the viscosity, v T is the interface velocity, β is the shrinkage factor,ε is the strain rate, f s is the solid fraction and G is the thermal gradient, which is the temperature difference from the dendritic root to tip (T cg and T liq ) over the liquid channel length L.
As the solid dendrites grow from both sides of the weld, a closed semi-solid region is formed when the dendritic tips coalesce at the weld centre line. A pressure drop from the dendritic tip to the root is generated in the absence of extra liquid feeding the channels.
The coalescence temperatures of the TRIP and DP steels are 1668 and 1696 K, respectively. The interface velocity, dendrite arm spacing and channel length are derived from the phase field results. The shrinkage factor is calculated based on the density difference of the solid and liquid (4.3%), whereas the viscosity of liquid steel (0.005 Pa s) is taken from the literature [20] . The pressure drop due to solidification shrinkage is 121.7 kPa for the TRIP and 6.7 kPa for the DP steels. A larger pressure drop is associated with a higher susceptibility for hot cracking.
The thermal expansion coefficient above the solidus temperature is assumed to be 3 × 10 −5 K −1 [13] . In combination with the cooling rate, a strain rate based on thermal contraction can be determined. The pressure drop due to deformation is 819.5 kPa for the TRIP and 3.5 kPa for the DP steels. Combining the shrinkage and deformation terms, the pressure drop for the TRIP and DP steels is 941.2 kPa and 10.2 kPa, respectively, indicating that the TRIP steel is more susceptible to hot cracking, which is also experimentally confirmed as shown in Figure 2 .
Phosphorus segregation
The phosphorus concentrations are predicted at grain boundary up to 0.55 wt-% for the TRIP steel and 0.06 wt-% for the DP steel, as shown in Figure 8 . Both of them are approximately six times higher than their nominal concentrations. Phosphorus segregation at the grain boundaries can lead to a steel embrittlement [21] [22] [23] . During welding, a steep thermal gradient can be generated due to a localised heat source, which leads to considerable tensile stresses (up to the yield stress) in the weld fusion zone [24] . This tensile loading at the brittle grain boundaries will increase the susceptibility for hot cracking.
The aim of this study is to link the thermal field during welding obtained from the FE models to the development of the microstructures and the chemical composition of the phase field models. In the FE model, only the heat transfer was simulated and the transient temperature profiles were validated with experimental measurements, while the physics of solid mechanics was not included. However, welding numerical models can be de-coupled, which implies that the stress/strain field has limited back-influence on the temperature field. Therefore, the thermal field predicted from the FE model should be a valid input for the phase field model. In the phase field model, only the thermal boundary conditions were defined, without applying any mechanical constraints. When calculating the pressure drop in the inter-dendritic regions, the shrinkage term, which results from density difference (related to temperature or phase fraction), should be reliable. However, for the deformation term, the strain rate was based only on the thermal contraction. It is recommended for further research to first validate the transient strain using an FE model, and apply this as a mechanical boundary condition to a phase field model. In summary, this study bridges the macroscale thermal field with microscale structural evolution, and shows the morphology during weld solidification. The resultant pressure drop derived in the inter-dendritic regions and phosphorus segregation at the grain boundaries explain the occurrence of hot cracking.
Conclusion
In this study, laser welding was performed on the TRIP and DP steels. Under the same heat input and mechanical constraints, the TRIP steel has a higher hot cracking susceptibility to the DP steel.
The thermal field in the weld fusion zone from a validated FE model was applied as a boundary condition to a phase field model coupling with a thermodynamic and mobility database. Microstructural evolution during weld solidification was obtained, i.e. inter-dendritic arm spacing and element segregation, which provides an enhanced understanding of the occurrence of hot cracking.
The TRIP steel has a broader solidification range than the DP steel. When the dendritic tips coalesce with the weld centre line, the TRIP steel shows a higher pressure drop for the solidification shrinkage and deformation contribution, which explains why the TRIP steel is more susceptible to hot cracking than the DP steel when solidification is nearly complete.
The phosphorus concentration is predicted at grain boundary up to 0.55% for the TRIP steel, which is six times higher than the concentration in the base material. Segregation of phosphorus can lead to brittle structures at the grain boundary, which increases the hot cracking susceptibility during solidification as a result of thermally induced tensile stress.
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